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I. Abstract 
The Herschel Space Observatory (HSO), an ESA cornerstone mission with NASA 

contribution, will enable a comprehensive study of the galactic as well as the extra galactic universe. 
At the heart of this exploration are ultra sensitive coherent detectors that can allow for high- 
resolution spectroscopy. Successhl operation of these receivers is predicated on providing a 
sufficientiy powedul local oscillator (LO) source. Historically, a versatile space qualified LO 
source for frequencies beyond 500 GHz has been difficult if not impossible. This paper will focus 
on the effort under way to develop, build, characterize and qualify a LO chain to 1200 GHz (Band 5 
on HSO) that is based on planar GaAs diodes mounted in waveguide circuits. State-of-the-art 
performance has been obtained from a three-stage ( ~ 2 x 2 ~ 3 )  multiplier chain that can provide a peak 
output power of 120 pW (1 178 GHz) at room temperature and a peak output power of 190 p W  at 
11 83 GHz when cooled to 1 13 K. Implementation of this LO source for the Heterodyne Instrument 
for Far Infrared (HIFI) on HSO will be discussed in detail. 
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2. Motivation 
The submillimeter-wave spectral bands are one of the least explored, yet information rich, 

regions of the electromagnetic spectrum with applications in radio astronomy, planetary science and 
planetary atmospheres. The molecular lines which can be observed at submillimeter wavelengths 
offer unique probing of the chemical pathways which drive interstellar chemistry, give rise to star 
formation, provide insight to galactic structure and especially act as tracers for reaction rates in 
planetary atmospheres. Important applications in Earth's atmosphere range from ozone chemistry to 
global warming. Because the atmosphere is opaque in the submillimeter wavelength range, 
observations must be made either from high mountain observatories, aircraft, balloons or space- 
based platforms hence the interest on the part of both ESA and NASA. 

A number of LO sources have been flown both on spacecrafts (Le. SWAS) and on aircrafts such as 
the Kuiper Airborne Observatory (KAO). However, HSO broke new ground by first requiring a 
large number of multiplier circuits to be build and secondly by requiring solid state sources as high 
as 2.7 THz [l]. The highest frequency band of the proposed mission was eventually de-scoped but 
this still left a challenging task requiring broadband coverage from 400 to 1900 GHz. The 
traditional approach towards meeting these requirements would have been to use Gunn diodes in the 
100 GHz range and then utilize whisker-contacted diodes as frequency multipliers. However, 
besides the practical limitations there was no certainly that this approach could have met the 
requirements at the highest frequency bands. For the very high frequencies the alternative approach 



would have been to base line a FIR pumped laser such as the 2.5 THz source for MLS but this 
entails a number of logistical hurdles. Thus, what was obvious at the onset of the proposed mission 
was the realization that a bold new approach must be adopted to develop robust LO sources that 
could work well into the THz range. 

3. Approach 
Traditionally Gunn diodes followed by whisker contacted Schottky diodes have been 

successfully used for flight missions. However, given the aggressive frequency coverage and push 
towards the higher frequencies mandated by HSO’s science goals plus the sheer number of required 
multipliers made it obvious that the traditional approach would not be suitable. A number of 
significant departures have been made from the traditional approach. First of all, GaAs based 
HEMT power amplifiers have been developed and demonstrated that can provide up to a few 
hundred milliwatts of RF power at 100 GHz. These modules have now been built and tested both at 
room temperature and at cryogenic temperatures with very impressive performance [2]. While the 
use of these power amplifier modules provides for an opportunity it also poses a challenge. The 
challenge is to be able o design the first stage multiplier circuits so that they can handle so much FW 
input power. This is perhaps a unique problem since historically such high input power levels in the 
W-band were not available. By using planar diodes one can easily implement multiplier anode 
designs, which would have been impossible in whisker-contacted architectures. All emphasis was 
placed on designing and using planar devices with integrated impedance matching transition lines, 
filters, RF probes, and stubs even for the highest frequency bands. This also meant that realistic 
thermal models had to be developed to design the circuits for high power handling. 

Since the HSO is an observational facility great emphasis was placed to getting as much frequency 
coverage as possible. In ground based receivers frequency coverage can be attained by using 
mechanical tuners in the waveguide blocks that can physically change the matching impedance. 
However, mechanical tuners in space though do-able are not desired. An effort was made to design 
and build fix-tuned broadband circuits. Emphasis was placed on bandwidth even at the expense of 
narrowband higher efficiency designs. 

4. A 1200 GHz LO Chain 
A typical Band 5 frequency multiplier chain is shown in Figure 1. The RF-input, a k-band 

tripler from 23.6-37.6 GHz driven by a synthesizer source, is not integrated in the displayed chain. 
Low loss cryogenic isolators are mounted on the input and output of the power amplifier module to 
provide sufficient FW isolation. These isolators are optimized for high power handling capability 
and for operation at cryogenic temperatures. On the output side of the power amplifier a 45” degree 
twisted waveguide is implemented to rotate the E-plane of the RF. The first and second frequency 
multipliers are balanced doublers separated by a “dummy” isolator that is under development. The 
third and final multiplier is a balanced tripler. The multiplier housing is made out of gold plated 
brass and its design is a split block in E-field. In the last stage tripler a diagonal horn is integrated 
that provides the LO coupling to the mixer (via a number of optical coupling elements). 

The design of the multipliers is based on an iterative process that optimizes performance based on 
chip topography, machining tolerances and operating conditions such as input power and 



temperature. Full three-dimensional electromagnetic solvers along with advanced harmonic balance 
tools are used to design the multiplier. Moreover, since no mechanical tuners are to be used special 
effort has to be made to make the circuits broadband even at the expense of reduced efficiency. 
Therefore the planar GaAs device and the embedding waveguide structure was designed and 
optimized together. For the doublers as well as for the tripler we pursued a three-step design 
strategy [3, 41. In the first step the non-linear component, the diode, was optimized in its size at a 
given doping of the GaAs. The embedding impedance was analyzed by using a harmonic balance 
simulator equipped with a high frequency diode model developed at JPL [3]. The second step was 
to design the linear components of the multiplier circuit. Input and output waveguides as well as the 
bias filter were separately analyzed. The characteristic embedding impedances were calculated 
using the HFSS finite element electromagnetic simulator. All impedances of the non-linear and the 
linear simulations were integrated in a complete simulation. In this third step the performance of the 
complete design was analyzed and optimized. 
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Figure 1: Band 5 frequency multiplier chain bolted with the base plate on a mounting plate. The k-band tripler 
at the input side of the power amplifier is not displayed. 

The Schottky devices for the first two doublers are based on the “substrateless” monolithic 
integrated circuit reported in [4, 51. Figure 2 shows the 200 GHz balanced doubler chip placed in 
the waveguide block. These circuits are characterized by the fact that most of the GaAs under the 
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chip has been removed. Details of this technology have been presented previously [4,5]. For the 
200 GHz chip the thickness of the substrate has been thinned down to about 40 microns. For the 
400 GHz circuit the substrate thickness was further reduced to 22 microns. The 400 GHz chip has 
only 4 anodes as compared to 6 for the first stage doubler. 

Figure 2: A 200 GHz chip mounted in the block is shown at the left. The magnified anode area is shown on the right. 
Three anodes per branch are used for impedance matching and power handling. The input and output waveguides 
have reduced waveguide heights to accommodate impedance matching. 

For the final stage tripler even with a thinner substrate it was difficult to design the appropriate 
broadband multiplier [6]. Thus, a different technology, based on GaAs membranes [5] was used to 
make the chip shown in Figure 3. 

Figure 3: Bias-less GaAs membrane circuit in the last multiplier stage of Band 5. A 3 pm thick GaAs membrane 
is suspended across a channel in the split block. Two large beam leads provide the mechanical support and 
ground contacts to the block and two narrow beam leads act as RF  probes in the input and output waveguides. 



In this process all of the substrate is removed and only a three micron thick membrane is used to 
hold the chip together. These chips have proven to very robust. Two large beam leads provide the 
mechanical support and ground contacts to the block. Input and output coupling is accomplished via 
on-chip E-plane probes. 

5. Multiplier chain performance 
Several different blocks and diode variations of the three multiplier stages were investigated 

with the goal of building a frequency chain for the entire Band 5 frequency range (1 140-1250 GHz). 
Figure 4 shows the performance of the 200 GHz multiplier at room temperature. When the doubler 
is pumped with 150 mW the measured output power is more than 35 mW over most of the desired 
output frequency range. The efficiency is between 22 to 28 % across the band. On the 400 GHz 
doubler (Figure 5) the measured efficiency is about 20 % and the output power is 7 mW with a peak 
power of 9 mW. The performance of the complete chain both at room temperature and at 
approximately 114 K is shown in Figure 6.  For all of the above measurements the bias on the first 
two stages is adjusted to optimize the output power. The final stage tripler utilizes a self-biased chip 
and thus does not require any bias tuning. Results from a cryogenic chain at 400 GHz have been 
previously reported in [7]. 

50 150 

45 

40 

35 

30 I 

25 75 

20 

15 

10 

125 

100 g 

50 4 
E 

25 

- 

'wO 0 
180 185 190 195 200 205 210 215 

Output Frequency [GHz] 

+Output Power + Efficiency -t Input Power 

Figure 4: Output power and efficiency of the 200 GHz balanced doubler at room temperature. 
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Figure 5: Output power and efficiency of the 400 GHz balanced doubler at room temperature. 
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Figure 6: Output power of the 1200 GHz frequency chain (~2x2~3) at room temperature and at 113 K. When the 
chain is cooled to operating temperature the full frequency range of Band 5 is covered. The required output 
power range at operating temperature (120K) is between 35 und 50 pW. 



6. System level constraints 

6.1. Mechanical interface 
Mounting of the complete chain in the local oscillator sub-assembly presented a challenge. 

A mounting scheme was desired that would allow for some flexibility in moving the position of the 
output horn with respect to a ‘mounting plate’. It was also desirable to be able to test the chain both 
at room temperature and at cryogenic operating temperature. Moreover, the total volume available 
for the chain mounting was rather limited. A flexure design has been constructed to fulfill these 
needs. The chain and flexure are shown in Figure 1. The subsystem requirements on the position of 
the RF beam are +/-lo0 microns in the propagation axis and +/-50 microns in the two axes 
perpendicular to the propagation axes. With 22 M3 fasteners the interface plate is bolted onto the 
next higher assembly level. The holes for these bolts are over sized by 500 microns to allow for 
coarse orientation. More precise alignment of the RF beam generated by a diagonal feed horn is 
possible with four vertical screws and two horizontal alignment screws on the flexure as displayed in 
Figure 7. The 70.9” long twisted waveguide section provides the flexibility needed for any 
adjustments. All components used in the chain have different thermal expansion coefficients and 
this has been taken into consideration with the design. 

A 

Figure 7: Top and front views of the chain mounted on the flexure are shown in this figure. Two 
vertical alignment screws are shown and one of the horizontal alignment screws. 



6.2. Optical interface 
A diagonal horn integrated in the frequency tripler is used as the antenna [8]. Compared 

with the Pickett-Potter or the corrugated horn this horn is relatively simpler to fabricate in a split 
block. It also provides the desired bean pattern for interface to the optical sub-system. The beam 
pattern for one of the nominal chains has recently been measured in the far field at MPIfR (Max- 
Planck-Institut fuer Radioastronomie) and shown in Figure 8 (courtesy of C. Kasemann and T. 
Klein). An AB Millimetre network analyzer was used to measure the amplitude and phase. A 
dynamic range of nearly 40dB at an output power level of approx. 50 pW (room temperature) at 
1120 GHz was achievable. The measured beam agrees quite well with the theoretical prediction, 
however there is a slight asymmetry in the side lobes (-20dB level). This might be attributable to a 
slight offset between the two block halves. A modified alignment procedure will be used to 
minimize the disturbance of the RF beam. 
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Figure 8: Beam pattern measurement of the 1200GHz diagonal feedhorn. The measurement was 
performed at the MPIfR (Max-Planck-Institut fuer Radioastronomie) in BondGermany by Christoph 
Kasemann and Thomas Klein. 



6.3. Power Leveling 
Power leveling of +3 dB above the optimal and -10 dB below the optimal LO power is 

desirable from a system point of view. There are a number of possible solutions. The simplest is 
perhaps to use some kind of an electronic variable attenuator in the chain. However, such a 
component with acceptable loss does not exist however some concepts have shown good promise 
[9]. A second approach is to detune the chain by adjusting the bias on the multiplier stages. 

Figure 9 shows the effect on output power of a nominal chain when the bias voltage on the 
first stage multiplier is varied. The 200 GHz doubler is nominally biased at -5 V with 2 mA of 
rectified current. The 400 GHz doubler is nominally biased at -5.2 V with 15 pA of current. As the 
bias on the 200 GHz stage is further increase some power adjustment becomes possible. However, 
the current through the second stage also varies. With increasing reverse voltage the reliability of 
the diodes is compromised. 

--I- 10 _--_I__ _--__ 70 -r--- 
N 3 00 

50 
F 
F 

il 40 

30 

s 20 

0 lo 
5” 

14 

12 

10 s 
4 2  

s 
2 

0 

o l  I 1 , ’ -2 
5 6 7 8 

Bias voltage of the 200GHz multiplier [-VJ 

I+ Out~ut  Power + 200CHz blas current +4OOGHz blas current I 

Figure 9: The output power of the chain versus the rectified currents in the first two stages are displayed. 
Care must be taken to avoid excessive reverse currents during any part of the pump-cycle that can cause 
device degradation. 

Similarly Figure 10 shows the effect on output power from a nominal chain when the bias of 
the second stage is varied. The 400 GHz doubler showed a fast change from positive current to 
negative bias current when its bias voltage was moved to more negative values. This indicates that 
the input RF power and the DC bias condition applied on the multiplier have to be limited to avoid 
degradation and/or destruction of the device. Even though this demonstrates that some bias de- 
tuning can be used there are certain restrictions. The effect of bias detuning on noise and chain 
stability is also not well understood at this point in time. Moreover, one has to be extremely careful 
not to detune the bias into an unsafe regime where the diodes might get damaged. This second 
restriction strongly limits the practicability of this technique. 
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Figure 10: Output power of a nominal 1200 GHz chain versus the bias conditions on the second stage 
multiplier. More than 3dB of power leveling is not recommended since the required bias conditions can cause 
excessive reverse current through the diodes. 

A third approach is to reduce the amplifier bias voltage. This was not possible on the earlier 
chipsets due to out of band oscillations but the most recent chips seem to operate well with reduced 
drain bias. The output power of a nominal chain with drain bias control is shown in Figure 11. The 
output power of the power amplifier can be adjusted from 10 dBm to 25 dBm at 120K with a 0 dBm 
input signal [2]. Due to the simplicity of this approach it will be desirable to use this as the primary 
control while finer adjustments can be made with multiplier bias. 
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Pigure 11: Output power of a nominal 1200 GHz chain as a function of drain bias both at room temperature 
and at 120 K. More than 3 dB of power leveling can be obtained. 



7. Conclusion 
A fully solid state LO chain that covers the 1140 to 1250 GHz frequency range (HSO 

Band5) has been demonstrated. The output power is above 40microwatts throughout this 
frequency band when the chain is operated at cryogenic temperatures. Electronic power leveling 
based on power amplifier bias and multiplier biases has been demonstrated. The chain is currently 
being flight qualified and a number of interface concerns between the chain and the subassembly 
have been addressed. Chain stability and noise properties are currently also under investigation [lo]. 

Acknowledgements 
We wish to acknowledge many helpful discussions with Dr. Peter Siegel, Dr. Neal Erickson and the 
team at MPIfR (Max-Planck-Institut h e r  Radioastronomie) in Bonn/Germany. The authors would 
like to acknowledge the support of James Crosby and Peter Bruneau for fabrication of the 
waveguide blocks. Ray Tsang and Robert Lin for the strong support on assembling of a large 
number of multiplier blocks and William Chun for RF testing. This work was performed at the Jet 
Propulsion Laboratory, California Institute of Technology, under a contract with the National 
Aeronautics and Space Administration (NASA). 

References 
1. J. Bruston, E. Schlecht, A. Maestrini, F. Maiwald, S.C. Martin, R. Peter Smith, I. Mehdi, P. 

Siegel, and J. Pearson, “Development of 200 GHz to 2.7 THz Multiplier Chains for Submilli- 
meter-wave Heterodyne Receivers” SPZE-Znternational Symposium on Asponomical 
Telescopes and Instrumentation, 27-3 1 March 2000. 

2. Robert R. Ferber, Todd C.Gaier, John C. Pearson, Lorene A. Samoska, April Campbell, 
Mary Wells, Gerald Swift, Paul Yocom, Yun Chung, “W Band Power Amplifier 
Development for the Herschel HIFI Instrument” to be submitted to SPZE conference, 
Astronomical Telescopes and Instrumentation, Waikoloa, Hawaii, 22-28 August 2002. 

3. Erich Schlecht, Goutam Chattopadhyay, Alain Maestrini, David Pukala, John Gill, Suzanne 
Martin, Frank Maiwald and Imran Mehdi, “A High-Power Wideband Cryogenic 200 GHz 
Schottky “Substrateless” Multiplier: Modeling, Design and Results” Ninth International 
Conference on Terahertz Electronics, Virginia, October 14-1 5,2001. 

4. E. Schlecht, G. Chattopadhyay, A. Maestrini, A. Fung, S. Martin, D. Pukala, J. Bruston and 
I. Mehdi, “200, 400 and 800 GHz Schottky Diode ‘Substrateless’ Multipliers: Design and 
Results” 2001 International Microwave Symposium Digest, Phoenix, AZ, May 2001. 

5 .  Suzanne Martin, Barbara Nakamura, Andy Fung, Peter Smith, Jean Bruston, Alain Maestrini, 
Frank Maiwald, Peter Siegel, Erich Schlecht, and Imran Mehdi, “Fabrication of 200 to 
2700GHz Multiplier Devices using GaAs and Metal Membranes” ZEEE MTT-S 
International Microwave Symposium, Phoenix, Arizona, May 20-25,200 1. 

6. A. Maestrini, J. Bruston, D. Pukala, S. Martin and I. Mehdi, “Performance of a 1.2 THz 
frequency tripler using GaAs frameless membrane monolithic circuits” 2001 ZEEE MTT-S 
Int. Mic. Sym., Feb. 2001. 



7. A. Maestrini, D. Pukala, F. Maiwald, E. Schlecht, G. Chattopadhyay, and I. Mehdi, 
"Cryogenic operation of GaAs based multiplier chains to 400 GHz" proceedings of the 8th 
International Conference on Terahertz Electronics, Darmstadt, 28-29 September 2000. 

8. Joakim F. Johansson and Nicholas D. Whyborn, "The Diagonal Horn as a Sub-Millimeter 
Wave Antenna" ZEEE Transaction on Microwave Theory and Techniques, Vol. 40, No. 5, 
MAY 1992. 

9. Neal R. Erickson, private communication. 
10. Goutam Chattopadhyay, Erich Schlecht, John Pearson, Frank Maiwald, and Imran Mehdi, 

"Frequency Multiplier Response to Spurious Signals and its Effect on Local Oscillator 
Systems in Heterodyne Instruments" to be submitted to SPZE conference, Astronomical 
Telescopes and Instrumentation, Waikoloa, Hawaii, 22-28 August 2002 

*Frank.Maiwald@JPL.NASA.GOV; phone 1 818 354 0214; fax 1 818 393 4683; Jet Propulsion Laboratory, M/S 168- 
3 14,4800 Oak Grove Drive, Pasadena CA 91 109 




